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Abstract: Targeted therapies have improved the survival of patients with advanced colorectal 
cancer (CRC). However, further improvements in patient outcomes may be gained by the 
development of predictive biomarkers in order to select individuals who are most likely to benefit 
from treatment, thus personalizing treatment. Using the epidermal growth-factor receptor (EGFR) 
pathway, we discuss the existing and potential predictive biomarkers in clinical development for 
use with EGFR-targeted agents in metastatic CRC. The data and technological issues surrounding 
such biomarkers as expression of EGFR or its family members or ligands, KRAS-, NRAS-, and 
BRAF-rcm\a.iion status, PI3K/PTEN expression, and imaging and clinical biomarkers, such as 
rash and hypomagnesemia, are summarized. Although the discovery of KRAS mutations has 
improved patient selection for EGFR-targeted treatments, further biomarkers are required, 
especially for those patients who exhibit KRAS mutations rather than the wild-type gene. 
Keywords: EGFR, colorectal cancer, predictive biomarker, KRAS 

Introduction 

The advent of targeted therapies for colorectal cancer (CRC) has brought the potential 
to prescribe therapy for the specific abnormalities within an individual tumor and hence 
personalize treatment. Although discoveries such as KRAS gene mutations have made 
inroads into this field, we have not yet realized the full potential of targeted therapies. 
Several factors are required for the personalization of treatment, including identifica- 
tion of the aberrant pathway/s involved and the development of drugs to target these 
specific pathways, in order to select the right drug for the right patient. Furthermore, 
methods of monitoring "on-target" drug effects are required in order to monitor the 
development of resistance and effect an early change in therapies for patients not 
responding to treatment. This review will discuss the existing and upcoming predictive 
biomarkers available for the use of epidermal growth-factor receptor (EGFR)-targeted 
agents in metastatic CRC. 

A predictive biomarker indicates the likelihood of response to a particular therapy, 
whereas a prognostic biomarker provides information on the outcome irrespective of 
the treatments used. 1 Biomarkers may be both prognostic and predictive, as is the case 
for the human epidermal growth-factor receptor 2 (HER2) in breast cancer. In this 
review, we will focus on predictive biomarkers as opposed to prognostic biomarkers, as 
these hold the greatest potential in selecting the most appropriate targeted treatments 
for the individual, potentially reducing toxicity and expense, whilst improving survival 
rates. The ideal predictive biomarker must possess several characteristics, including 
detection of specific pathogenic changes both at the anatomical and physiological 
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level, ie, including the activated state of molecular targets, 
high sensitivity and specificity, detection of on-target drug 
effects whilst the patient is on treatment, and a validated 
standardized methodology for use. Moreover, the predictive 
biomarker measurement should be relatively easy to perform 
and the procedure needs to be demonstrably cost-effective. 

Over the last few decades, research into CRC genomics 
and epigenetics has significantly advanced our knowledge 
of CRC pathogenesis and highlighted potential new targets 
for treatment. Three distinct pathways involving different 
genetic or epigenetic abnormalities have been described 
for the development of CRC: chromosomal instability 
(CIN), microsatellite instability (MSI), and CpG-island 
methylator phenotype (CIMP). The canonical pathway 
for the development of CRC is the CIN pathway leading 
to the "adenoma-carcinoma" sequence. The initial reports 
of this transformation described inactivation of the APC 
tumor-suppressor gene first, followed by the development 
of activating mutations in KRAS that promote tumor pro- 
gression only in the presence of APC mutations. 2 Recent 
studies have found that many other genes may be involved. 
CIN is defined as an accelerated rate of gains or losses of 
whole or large chromosomes, resulting in an imbalance in 
chromosome number (aneuploidy) and a high frequency 
of loss of heterozygosity, which may be seen in 65%-70% 
of sporadic CRC. In hereditary cancers, an alternative 
pathway involving MSI is thought to play a role. Germ- 
line mutations in the DNA mismatch-repair genes such 
as MLH1, leading to a failure to repair errors in repeated 
sequences, causes the distinctive mutational signature of 
MSI, which may be found in 15% of all CRC and 90% of 
hereditary nonpolyposis colorectal carcinomas. 3 Alterna- 
tively, hypermethylation of islands of regulatory genes 
rich in C-G sequences, called CpG sites, are involved in 
the CIMP pathway. Sequential hypermethylation of CpG 
sites in tumor-suppressor genes may lead to progressive 
gene silencing and the evolution of CRC. 4 This phenotype 
commonly involves genes such as PTEN, RUNX3, and 
UNC5C. 5 " 7 Global hypomethylation is described in a group 
of CRCs that have a unique methylation pattern and a better 
prognosis, possibly involving an alternative pathway for 
CRC development. 8 

These discoveries have paved the way to understand- 
ing the pathogenetic steps involved in the development 
of CRC, but have not yet helped tailor treatments to 
the specific pathways involved. Research in molecular 
biology has identified one of the major aberrant pathways 
in CRC - the EGFR pathway - which can be targeted for 



treatment, and downstream mutations that may lead to 
resistance to EGFR-targeted therapies, to be discussed 
further. However, in order to profile real-time changes 
in tumor biology, novel molecular imaging technologies 
will be required to map tumor resistance and to highlight 
sites for biopsy in order to uncover resistant pathways 
and to select the next appropriate drug to target these 
pathways. Furthermore, continued drug development is 
essential to ensure the availability of drugs to combat 
resistance. In this review, we describe the existing and 
potential technologies available to fulfill these criteria 
and personalize treatments for CRC patients. The major 
potential biomarkers derived from clinical trials thus far 
are summarized in Table 1 . 

Current treatment paradigms 
for advanced CRC 

Chemotherapy has been the mainstay of treatment for 
advanced CRC with single agents until recently. Infusional 
5-fluorouracil (5-FU) with leucovorin was first used to 
provide a 2- to 6-month improvement in overall survival 
(OS) compared with best supportive care. 9,10 Combination 
chemotherapy, with FOLFOX (oxaliplatin with infusional 
5-FU and leucovorin) or FOLFIRI (irinotecan, 5-FU, leuco- 
vorin) further improved OS up to 20 months. 11 The addition 
of drugs targeted against two critical pathways in CRC - the 
EGFR pathway and angiogenesis - led to further improve- 
ments in OS. 1213 However, response rates are only 10% in 
the unselected population. Biomarkers such as hypertension 
and circulating levels of vascular endothelial growth factor 
(VEGF), 1415 are being investigated for prediction of response 
to antiangiogenics, but none has yet been validated for clini- 
cal use. We focus on the EGFR pathway, as the predictive 
biomarkers for anti-EGFR targeted therapy have provided 
the greatest clinical benefit in the selection of patients who 
may respond to, for example, cetuximab or panitumumab. 

Until recently, clinicians routinely relied upon extent of 
disease, prior treatment, type and severity of symptoms, patient 
performance status, and patient preference to choose the most 
appropriate therapy for the individual patient. 16 Emerging stud- 
ies have demonstrated that additional clinical factors may not 
only be useful but also cost-effective. These biomarkers will be 
discussed further (Clinical biomarkers section). We first focus 
on biomarkers of response to EGFR-targeted treatments. 

EGFR in colorectal cancer 

The epidermal growth factors are a family of transmembrane 
receptor tyrosine kinases consisting of EGFR or HER1, 
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Table I Synopsis of major biomarkers derived from clinical studies for use with EGFR-targeted therapies in CRC 



Biomarker 



Prognostic/predictive Predictive efficacy 



Methodology used 



Clinical status 



EGFR copy number 2 ' 



EGFR ligand 
expression 
(epiregulin and 
amphiregulin) 27,; 



Activating KRAS 
mutations in codon 
1 2 and I3 39 ' 40 
KRAS G 1 3D 

mutations 55,56 



NRAS and BRAF 

mutations 18 ' 42 ' 60 - 61 



PIK3CA exon 
20 mutations 60 



Skin rash 13100 



Hypomagnesemia" 



Predictive and 
prognostic 

Predictive and 
prognostic 



Predictive for lack 
of response 

Predictive and 
prognostic 



Predictive for lack 
of response 



Predictive for lack 
of response 



Predictive and 
prognostic 

Conflicting evidence 



Raised EGFR gene copy number 
(GCN) and chromosome 7 polysomy 
associated with response rate (RR) 
of 30% vs 0% (PAN) 
Higher gene-expression profile 
of ligands in patients with disease 
control compared to nonresponders 
to CET; odds ratio for response 
1 .90 for epiregulin and 1 .86 for 
amphiregulin 

Response rate of 1 2%-l 7% for 
KRAS WT patients vs 0%-l % for 
KRAS mutations (PAN and CET) 
No difference in response rates 
between G 1 3D and activating KRAS 
mutations but, 3.6- and 2. 1 -month 
improvement in OS and PFS, 55 
improved RR, OR 3.38, 40.5% vs 
22% 56 (CET + chemo) 
Lower RR for NRAS and BRAF 
mutations vs WT (7.7% and 
0%-8.3% vs 38% and l7%-47%, 
respectively) (all KRAS WT patients 
treated with CET and PAN) 
0% vs 36.8% RR for exon 
20 mutations vs WT 



Higher response rates in patients 
with skin reactions vs without 
(25.8% vs 6.3%) 

Higher response rate with >50% 
early decrease in magnesium 
(55.8% vs I6.7%) 107 ; but no 
difference in RR in another study 10 



Fluorescence in situ 
hybridization (FISH) 



Gene-expression profiles 
using RNA and FFPE 
tumors 



PCR on DNA extracted 
from FFPE samples 

PCR on DNA extracted 
from FFPE samples from 
multiple studies 



Mutation-frequency 
analysis using PCR and 
mass spectrometry (FFPE 
and fresh-frozen samples) 

Mutation-frequency analysis 
using PCR and mass 
spectrometry (FFPE and 
fresh-frozen samples) 

Clinical observation 



Plasma magnesium levels 



Awaiting further 
clinical validation 



Awaiting further 
clinical validation 



FDA-approved 
clinical biomarker 

Small patient 
numbers; awaiting 
results of 
prospective study 
(ICECREAM) 

Evidence for 
significant negative 
association, but 
further clinical 
validation required 
Conflicting evidence 
when compared 
to other studies, 
further validation 
required 
Further clinical 
validation required 



Note: All figures shown are statistically significant (P < 0.05). 

Abbreviations: PAN, panitumumab; CET, cetuximab; CRC, colorectal cancer chemo, chemotherapy; EGFR, epidermal growth-factor receptor; GCN, gene copy number; 
RR, response rate; RNA, ribonucleic acid; FFPE, formalin-fixed paraffin-embedded; WT, wild type; OS, overall survival; PFS, progression-free survival; PCR, polymerase 
chain reaction; vs, versus. 



HER2, HER3, and HER4. Ligand binding to the extracellular 
domain leads to allosteric activation via receptor dimeriza- 
tion and tyrosine kinase transphosphorylation, thus activating 
the Ras/mitogen-activated protein kinase (MAPK) pathway 
(RAS-RAF-MAPK) and the phosphoinositide 3-kianse 
(PI3K) pathway (PI3K-phosphatase and tensin homologue 
[PTEN]-Akt). 17 These downstream signaling pathways are 
involved in cell proliferation, differentiation, apoptosis, 
and cell invasion. EGFR overexpression, constitutive acti- 
vation, ligand overexpression, and activating mutations of 
downstream effectors or loss of tumor-suppressor genes, eg, 
PTEN, may all lead to activation of this pathway. 

EGFR has been identified as an oncogene in a variety 
of tumors, including CRC, non-small-cell lung cancer 



(NSCLC), and head and neck cancers, leading to the use 
of EGFR-targeted agents in these tumor types. Cetuximab 
and panitumumab are monoclonal antibodies (anti- 
immunoglobulin [Ig]-Gj and anti-IgG 2 , respectively) which 
bind to extracellular ligand-binding sites of EGFR, thus 
inhibiting EGFR phosphorylation and activation of down- 
stream intracellular signaling pathways. Panitumumab is a 
fully humanized antibody, as opposed to cetuximab, which 
is a chimeric monoclonal antibody, which may also be able 
to elicit an antibody-dependent cell-mediated cytotoxicity. 
These antibodies are associated with a clinical improvement 
in progression-free survival (PFS), specifically in patients 
with KRAS wild-type (WT) tumors. 131819 Although EGFR 
tyrosine-kinase inhibitors such as erlotinib and gefitinib have 
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been efficacious in NSCLC, these benefits have not yet been 
demonstrated for CRC. 

Biomarkers related 
to EGFR expression 

Contrary to expectation, EGFR expression does not correlate 
with response to treatment, even in KRAS WT cases. Tumors 
that do not exhibit EGFR overexpression by immunohis- 
tochemistry (IHC) may respond to cetuximab. 20 A number 
of possible explanations have been proposed, including 
constitutive activation of EGFR receptors and inaccurate 
methodologies for assessment of EGFR expression, such as 
unreliable antibodies that are difficult to standardize and score. 
However, increased copy numbers of EGFR, which may be 
present without a significant increase in receptor expression, 
have been shown to be associated with response to EGFR- 
targeted therapies in various retrospective analyses. 21,22 
Sartore-Bianchi et al demonstrated a 30% response rate for 
patients with increased EGFR copy number, treated with 
panitumumab, compared with 0% for patients without the 
amplification. 23 Lack of correlation between EGFR copy 
number and protein expression alludes to a qualitative effect 
of gene copy number. The available technologies for assess- 
ment of EGFR copy number, eg, fluorescence or chromogenic 
in situ hybridization (FISH or CISH), are easier to quantify 
compared with IHC, but the cutoff levels for significance 
are variable and copy numbers are often heterogeneous in 
metastatic disease, thus complicating clinical interpretation. 
Furthermore, significant inter-laboratory variability has been 
demonstrated in the measurement of EGFR copy number by 
FISH in experienced laboratories. 24 

Mutation of the KRAS gene is the only validated bio- 
marker to predict for resistance to EGFR-targeted therapies, 
as discussed below. Although EGFR copy number is not con- 
sidered a reliable biomarker for EGFR-targeted treatments, 
use of this biomarker in tumors with wild-type KRAS may 
improve the positive predictive value. 25 

Autocrine ligand production of epiregulin and amphiregu- 
lin leads to EGFR activation and tumor growth. Evaluation 
of ligand expression by messenger RNA (mRNA) may 
provide both prognostic and predictive information. Low 
expression of epiregulin mRNA has been shown to be 
prognostic of improved OS for KRAS WT patients who did 
not receive EGFR-targeted therapy. 26 Assessment of tumor 
mRNA for these ligands using a gene signature derived 
from liver metastases from patients receiving cetuximab 
monotherapy has been proposed as a biomarker for response 
to EGFR-targeted therapies. 27 High levels of epiregulin 



and amphiregulin have been demonstrated in 50%-60% of 
patients with metastatic CRC, and are associated with ben- 
efit from cetuximab as monotherapy or in combination with 
chemotherapy. 28 " 30 Within a KRAS WT group, high versus 
low epiregulin gene expression was found to be able to dif- 
ferentiate responders to cetuximab. High ligand expression 
was associated with response to cetuximab, as expected due 
to attenuation of ligand-based EGFR activation. This study 
demonstrates that assessment of epiregulin expression could 
be used as a positive biomarker for EGFR-targeted therapies 
to narrow down further the target population within the 
KRAS WT group that may benefit from treatment. However, 
the available methodologies for quantification for ligand 
expression require validation with establishment of cutoff 
levels. Of the EGFR-related biomarkers, none has been 
approved for clinical use, in part due to the lack of standard- 
ized methodologies to quantify these markers. 

KRAS and downstream effectors 

KRAS 

Three human RAS genes have been identified: KRAS, NRAS, 
and HRAS. The K-Ras protein, a small-cell-membrane 
guanosine triphosphatase, is one of the most important down- 
stream effectors coupling EGFR to intracellular signaling 
cascades, mediated by RAF kinase and mitogen-activated 
extracellular signal-regulated kinases (ERK) leading to cell 
growth, division, motility, and inhibition of apoptosis. 31 
Single-nucleotide point mutations in the KRAS gene, in 
codons 12 and 13 of exon 2, lead to constitutive activation 
of the MAPK pathway, and are found in approximately 40% 
of patients with metastatic CRC. 32 - 33 High concordance is 
reported between KRAS mutations from primary tumors 
and metastases, 34 " 36 alluding to KRAS mutation early in the 
adenoma-carcinoma cascade. Although these mutations are 
not prognostic, they are established biomarkers for lack of 
response to anti-EGFR monoclonal antibodies in patients 
with metastatic CRC. 19,27,3M1 The discovery of this mutation 
as a biomarker has been a major step in the personalization 
of EGFR-targeted treatments for CRC. 

The hypothesis behind the evaluation of KRAS mutation 
status in the context of EGFR-targeted therapies was that 
constitutive activation of the intracellular signaling pathway 
downstream of EGFR would attenuate the effects of EGFR- 
targeted monoclonal antibodies. The best evidence to support 
this hypothesis comes from the National Cancer Institute of 
Canada CO 1 7 study and the PIVOTAL (Study of Prostate and 
Pelvis Versus Prostate Alone Treatment for Locally Advanced 
Prostate Cancer) trial, which examined the effect of KRAS 
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mutation in patients treated with cetuximab or panitumumab, 
respectively, versus best supportive care after multiple lines of 
chemotherapy. 39 - 40 Response rates were 12%-1 7% for KRAS 
WT patients treated with the antibodies compared to 0%-l% 
for those with mutant KRAS, and an OS benefit of 4.7 months 
was noted for KRAS WT patients treated with cetuximab. 
The panitumumab study (PIVOTAL) did not demonstrate 
an OS benefit for patients with KRAS WT tumors, though 
a significant increase in PFS and response rate were shown. 
OS in this study may have been confounded by patients on 
the control arm receiving panitumumab on progression as 
the study design allowed crossover. 

Studies including a chemotherapy backbone alongside 
cetuximab provide further support for this hypothesis. 42 - 43 A 
meta-analysis of the CRYSTAL (Cetuximab Combined with 
Irinotecan in First-Line Therapy for Metastatic Colorectal 
Cancer) and OPUS (Oxaliplatin and Cetuximab in First-Line 
Treatment of Metastatic Colorectal Cancer) studies demon- 
strated an overall survival benefit of 4 months (23.5 versus 
19.5 months) for patients with KRAS WT tumors treated 
with cetuximab and standard chemotherapy (FOLFOX or 
FOLFIRI) in the first-line setting over chemotherapy alone. 44 
However, both the Medical Research Council (MRC) COIN 
(Combination Chemotherapy and Cetuximab as First-Line 
Therapy in Treating Patients with Advanced and/or Metastatic 
Colorectal Cancer) study and the NORDIC (Randomized 
Phase III study of 5-Fluorouracil/Folinate/Oxaliplatin Given 
Continuously or Intermittently with or Without Cetuximab, 
as First-Line Treatment of Metastatic Colorectal Cancer) 
trial found that KRAS status was not predictive of benefit 
with the addition of cetuximab in the first-line setting. 45 - 46 
The MRC COIN study did demonstrate a survival benefit in 
the FOLFOX-plus-cetuximab arm but not in the arm con- 
taining capecitabine as part of the standard chemotherapy 
regime, highlighting a potential negative interaction between 
capecitabine and cetuximab. In contrast, the NORDIC study, 
comparing continuous or bolus 5-FU plus oxaliplatin plus 
or minus cetuximab, showed no improvement in OS in the 
unselected population and a worse PFS for patients with 
KRAS WT tumors receiving cetuximab. Further analyses are 
awaited, but these results suggest that the benefit of cetuximab 
in the first-line setting may be restricted to combination use 
with infusional 5-FU. With respect to panitumumab, the 
PRIME (Panitumumab Randomized trial In combination with 
chemotherapy for Metastatic colorectal cancer to determine 
Efficacy) study demonstrated an improvement in PFS and 
response rate with the addition of panitumumab to FOL- 
FOX, with a trend to improved OS in patients with KRAS 



WT tumors in the first-line setting. 37 However, patients with 
mutant KRAS tumors exhibited shorter PFS, suggesting a 
negative interaction between panitumumab and oxaliplatin, 
in line with a previous study. 47 A further negative interaction 
may exist between bevacizumab and cetuximab or panitu- 
mumab, as demonstrated by the lack of survival benefit in 
patients with KRAS WT tumors in the CAIRO-2 (Cetuximab, 
Capecitabine, Oxaliplatin and Bevacizumab in Advanced 
Colorectal Cancer) and PACCE (Panitumumab Advanced 
Colorectal Cancer Evaluation) studies. 48 - 49 

Studies in the second-line setting for cetuximab have not 
stratified outcomes by KRAS status, and an attempt to do 
so has essentially failed due to a low rate of tissue collec- 
tion. 50 - 51 For instance, the Erbitux Plus Irinotecan for meta- 
static colorectal Cancer (EPIC) trial originally recruited and 
randomized patients irrespective of KRAS status. Although 
a retrospective analysis of outcome data by KRAS status 
did not demonstrate a benefit of addition of cetuximab to 
irinotecan for KRAS WT patients, tissue samples from only 
23% of patients were available for analysis. 51 The evidence 
for panitumumab in this setting is stronger than that for 
cetuximab, with an improvement in PFS and response rate 
for KRAS WT tumors. 38 

The evidence described herein supports the use of KRAS 
status as a specific biomarker to select patients who may be 
resistant to cetuximab and panitumumab, with the greatest 
support in the third-line setting when examining the magni- 
tude of survival benefit. Based upon this evidence, the US 
Food and Drug Administration and the European Medicines 
Agency have approved the restriction of cetuximab treatment 
to patients with KRAS WT tumors. 41 However, extensive cali- 
bration and validation of KRAS mutation testing is required 
in order to ensure that practical and reliable resources are 
available for the implementation of this biomarker in clinical 
practice, as recommended in the American Society of Clinical 
Oncology guidelines. 41 - 52 Methodological improvements in 
KRAS testing by, for example, using mutant-enriched poly- 
merase chain reaction 53 may improve the predictive capacity 
of this biomarker. 

Recent data have suggested that tumors with specific 
KRAS mutations, especially the glycine-to-aspartate muta- 
tion in codon 13 (G13D) mutation, may be sensitive to 
cetuximab or panitumumab. In vitro data has shown that 
cancer cell lines with the GOD mutation have a lower 
transforming potential and attenuated proliferation in the 
presence of cetuximab, compared to other KRAS muta- 
tions. 54 In a combined analysis of four data sets, De Roock 
et al demonstrated an improvement in OS (7.6 versus 
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5.7 months, hazard ratio [HR] 0.50, 95% confidence interval 
[CI] 0.3 1-0.81) and PFS (4 versus 1.9 months, HR 0.51, CI 
0.32-0.8 1 ) for patients with G 1 3D mutations compared with 
other KRAS mutations treated with cetuximab. 55 Tejpar et al 
showed a similar benefit, although only for PFS. 56 However 
these studies were small, with only 32 and 83 patients, 
respectively, with the G13D mutation. On the other hand, a 
number of studies have demonstrated no benefit for either 
cetuximab or panitumumab by specific KRAS mutations. 57 
Although the preclinical work delineating different KRAS 
mutations is promising, prospective, multicenter clinical 
studies are required to recruit the numbers of patients nec- 
essary for the validation of G13D and other mutations in 
KRAS as positive biomarkers of response to EGFR-targeted 
therapies. Furthermore, 40%-60% of patients with KRAS 
WT do not respond to EGFR-targeted therapies. 58 59 Clearly, 
the development of further biomarkers is necessary to select 
patients who will respond to these treatments. 

NRAS and BRAF 

The NRAS gene codes for a protein, N-Ras, which is an 
alternate effector to K-Ras. Mutations within this gene are 
found in 3%-5% of mCRC patients, and are mutually exclu- 
sive of KRAS mutations. Although a retrospective study and 
the PICCOLO (Panitumumab, Irinotecan and Ciclosporin in 
Colorectal Cancer Therapy) trial have demonstrated a reduced 
response to cetuximab and panitumumab for patients with 
NRAS mutations, 60 - 61 further work is required to demonstrate 
the predictive capacity of these mutations. 

The serine/threonine-protein kinase B-Raf is an effector 
in the MAPK signaling pathway, downstream of K-Ras. 
Mutations in the proto-oncogene BRAF are present in 
5%-10% of the metastatic CRC population and are also 
mutually exclusive of KRAS mutations. 62 BRAF V600E 
is the most common of all BRAF mutations (present in 
90% of cases), and is enriched in a subset of patients who 
are female, greater than 70 years of age, with KRAS WT 
right-sided colon cancer. 63 This mutation leads to constitu- 
tive activation of B-Raf by mimicking a tyrosine-kinase 
phosphorylation. 64 Emerging evidence from the CRYSTAL, 
OPUS, and PICCOLO trials supports the use of BRAF 
mutations as negative predictors of response to such EGFR 
inhibitors as cetuximab and panitumumab. 18 - 42 - 61 Objective 
response rates are significantly higher in the WT group, from 
1 7% to 47% compared to 0%-8% in the BRAF mutant group . 
However, a proportion of patients with mutant BRAF tumors 
still derived benefit from cetuximab treatment in the meta- 
analysis of the CRYSTAL and OPUS data, with a median PFS 



of 7.1 versus 3.7 months for patients treated with cetuximab 
and chemotherapy compared to chemotherapy alone. In this 
analysis, BRAF had a prognostic rather than a predictive 
impact. Further work is required to unravel the predictive 
significance of BRAF mutations, including the significance 
of various BRAF mutations, as per KRAS. 

There is currently insufficient evidence to support the 
routine use of BRAF or NRAS mutations as negative pre- 
dictive biomarkers for EGFR-targeted therapies. However, 
mutations may yet be used to personalize treatment by 
highlighting novel targets for therapy. Further knowledge of 
the molecular biology and functional consequences of these 
mutations is required prior to integration into clinical care. 
For instance, sorafenib, a multikinase inhibitor against WT 
BRAF, BRAF V600E, CRAF, and VEGF, has demonstrated 
preclinical activity in CRC cell lines carrying the BRAF 
V600E mutation. 65 However, clinical trials did not demon- 
strate a significant benefit. 66 The selective BRAF inhibitor, 
vemurafenib, demonstrated a modest benefit in a phase I 
study, with a 26% response rate, 67 although not to the same 
extent as seen in melanoma. 68 Tyrosine-kinase inhibitors 
targeted against RAF are in development and early clinical 
trials. 

PI3K/PTEN pathway 

Either EGFR or KRAS activation may lead to phosphoryla- 
tion of phosphoinositide 3-kinase (PI3K), contributing to 
cross talk and pathway redundancy within the EGFR network. 
Mutations in the gene encoding the PI3K catalytic subunit 
(PI3KCA) are found in 15%-20% of metastatic CRC patients, 
leading to downstream activation of the PI3K pathway. The 
loss of expression of PTEN is present in 20%^10% of meta- 
static CRC patients, leading to the loss of the sole tumor- 
suppressor gene in the EGFR pathway. Although both these 
events may predict for resistance to EGFR-targeted therapies, 
supporting evidence is variable. 60 - 69-72 The largest retrospec- 
tive series demonstrated that mutations of the PI3KCA gene 
in exon 20, but not exon 9, which were more common, 
were associated with resistance to cetuximab. 60 However, 
other studies have not shown a correlation between PI3K 
status and response to cetuximab. 73 The evidence pertaining 
to loss of PTEN is also variable, with a high discordance 
between PTEN expression in primary versus metastatic 
sites. 72 Furthermore, assessment of loss of PTEN by IHC 
is unreliable with significant interreporter variation. Muta- 
tions in PI3K and loss of PTEN may coexist with KRAS and 
BRAF mutations, presenting potential targets for single or 
combination therapies. 
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Rational treatment combinations 
(KRAS mutant tumors) 

Molecular profiling of the members of downstream signal- 
ing cascades may help rationalize drug development and 
personalization of therapy for patients with KRAS mutant 
tumors. KRAS is a key "node" in the activation of receptor 
tyrosine kinase signaling, but has proven difficult to target. 
Farnesyltransferase inhibitors were designed for RAS inhi- 
bition, but both preclinical and clinical studies have been 
disappointing, with no correlation between RAS mutation 
and response. 74 75 Drug development has focused on targets 
downstream of KRAS, such as BRAF, MEK, PI3K, Akt, 
and mTOR, which are currently in early clinical trials. 
Knowledge of tumor genomic aberrations may aid drug 
selection. For instance, inhibition of MEK, a target down- 
stream of BRAF, has been very successful for melanoma 
patients with BRAF mutations. 76 However, this effect has 
not translated to CRC. Cross talk within the EGFR network 
leads to activation of negative feedback loops involving 
the PI3K pathway and resistance to MEK inhibition in 
preclinical CRC models. 77 It is likely that a combination of 
drugs selected to target the aberrant activated pathway and 
potential resistance pathways may be more effective than 
single agents. Dual inhibition of MEK and PI3K has been 
shown to be more efficacious than Mek inhibition alone 
in a cancer cell line. 78 

Translation of knowledge of molecular events to clini- 
cal practice is key to personalizing targeted therapy. For 
instance, evidence to support BRAF mutation as a marker 
of resistance to EGFR-targeted therapy has been described 
previously. However, CRC cell-line data has demonstrated 
that treatment with vemurafenib for BRAF V600E mutations 
leads to a powerful feedback activation of EGFR, lead- 
ing to continued proliferation. 79 Combined treatment with 
EGFR-targeted treatment and vemurafenib was synergistic, 
both in vitro and in vivo. These and supporting experiments 
provide an explanation for the poor efficacy of vemurafenib 
in patients with BRAF V600E mutations and a rationale for 
design of further clinical studies combining EGFR and BRAF 
inhibitors. Elucidation of the specific genomic aberrations 
in individual tumors may aid the selection of appropriate 
drugs for the patient, but only if we understand the molecular 
effects of these drugs. 

Targets upstream of KRAS 

The genetic aberrations discussed thus far may account for 
up to 60% of CRCs that are likely to exhibit primary resis- 
tance to EGFR-targeted therapies. However, only 1 0%-l 5% 



of the unselected population respond to anti-EGFR mono- 
therapy, indicating an alternate mechanism of resistance or 
activation of a different pathway in the remaining 25% of 
patients. EGFR is one of several membrane -bound recep- 
tors at the apex of a hierarchy of a variety of intracellular 
signaling cascades. Cross talk between other members of the 
EGFR family, such as HER2 and HER3, and the insulin-like 
growth- factor 1 receptor (IGF-1R) may lead to resistance to 
anti-EGFR therapies. Molecular profiling of these receptors 
may aid in selection of treatments specific to the activated 
pathways. Cetuximab-resistant cell lines exhibit HER2 gene 
amplification and to increase in HER2 phosphorylation, 
whereby HER2 knockdown restores cetuximab sensitivity. 80 
Furthermore, the resistant cell lines exhibit overexpression 
of heregulin, a HER3 and HER4 ligand, and increased 
HER2/HER3 dimerization and signaling. Although HER2 
amplification only occurs in 2% of unselected metastatic 
CRC cases, enrichment is evident in patients with KRAS 
WT who do not benefit from anti-EGFR therapy. 81 Both 
HER2 expression and increased heregulin expression cor- 
related with shorter OS in patients with KRAS WT tumor 
treated with cetuximab. 82 These findings not only highlight 
HER2 and heregulin expression as markers of cetuximab 
resistance but also as potential novel targets in CRC, with 
established HER2-targeted treatments such as lapatinib 
and pertuzumab in these patients as shown in vitro. 80 ' 81 
Although HER2 amplification and protein expression are 
routinely measured in clinical practice for breast cancer, 
heregulin-expression levels are variable, and the technology 
for assessment has not yet been standardized. Furthermore, 
HER2 activation may occur in the absence of protein over- 
expression, leading to difficulties in identification of the 
population requiring treatment. Further validation of these 
biomarkers is essential. 

Preclinical work has demonstrated that overexpression 
of HER3 may also predict resistance to EGFR-targeted 
therapies. 83 Overexpression of HER3 is present in 30%-80% 
of CRC patients, and correlates with a poorer outcome in 
patients treated with cetuximab and irinotecan. 84 HER3 
overexpression may be used as an additional biomarker to 
those related to EGFR, in order to select patients who may 
benefit from the addition of specific anti-HER3 monoclonal 
antibodies, such as AMG 88 and MM-121, which are cur- 
rently in clinical trials. 

IGF-1R may stimulate EGFR via release of one of its 
ligands - transforming growth factor-a 85 - thus highlighting 
an alternate receptor upstream of KRAS that may determine 
response to EGFR-targeted therapies. Overexpression of 
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IGF-1R has been associated with resistance to cetuximab 
in patients with KRAS WT CRC, providing modest clinical 
support for the use of IGF-1R expression as another nega- 
tive biomarker for response to EGFR-targeted therapies. 85,86 
However, addition of anti-IGF-lR monoclonal antibodies 
to anti-EGFR-targeted treatments has not been successful 
in clinical trials. The failure to demonstrate improvement in 
response rate and survival may stem from the lack of predic- 
tive biomarkers for anti-IGF-lR antibodies. 

An alternative receptor, MET, may hold promise both as 
a predictive biomarker and a target for treatment. Significant 
cross talk between the MET, EGFR, and HER3 leads to 
cross-activation and potentially resistance to EGFR-targeted 
treatments. 87 - 88 As high expression of MET and its ligand 
hepatocyte growth factor (HGF), correlates with advanced 
stage and poor survival, 89 targeted inhibitors are in develop- 
ment, with some success. For instance, a combination of 
rilotumumab, an antibody raised against HGF, with pani- 
tumumab for patients with KRAS WT CRC demonstrated 
an improved response rate (31% versus 21%). Further trials 
of MET inhibitors are underway. As MET amplification is 
uncommon in CRC, standardization of techniques assessing 
MET and HGF expression is essential prior to their use as 
biomarkers for selection of therapy. 

Imaging biomarkers 

The assessment of on-target drug effects and the timely 
detection of the development of resistance are key compo- 
nents in the personalization of treatment, in order to make 
expedient, appropriate changes in treatment regimes. Several 
studies have demonstrated a correlation between early tumor 
shrinkage in chemorefractory metastatic CRC patients with 
OS and PFS. 90,91 However, retrospective, exploratory analyses 
of data from the first-line setting did not corroborate these 
results. 92 Recently, analysis of data from the CRYSTAL study 
demonstrated that a >20% change in tumor dimensions 
after 8 weeks of cetuximab treatment was predictive of OS 
and PFS, 93 hence providing an early measure of treatment 
efficacy. 

Although standard imaging may be used, molecular 
and functional imaging modalities represent one of the key 
technologies in development to profile drug effects within 
the individual. 94 For instance, the morpholino-[ 124 I]-IPQA 
probe, which binds to the activated EGFR kinase adenosine 
triphosphate-binding site, but not to the inactive form, has 
been developed in order to image active forms of EGFR 
in tumor cell lines and mouse xenografts. 95 Magnetic reso- 
nance imaging has also been used to delineate constitutively 



activated EGFR using an IgG antibody targeted against a 
truncated constitutively active form of EGFR, conjugated 
to iron oxide nanoparticles and imaged in murine models. 96 
Furthermore, targeted delivery of antibody using this method 
was also shown to be therapeutic. Such assays could be 
used to delineate the on-target effects of EGFR-directed 
monoclonal antibodies, such as cetuximab, as well improve 
treatment efficacy. 

A further challenge in personalizing treatment is the 
identification of the cause for development of resistance, 
which may impact upon treatment selection. For instance, 
treatment with cetuximab has been shown to resensitize 
patients who demonstrate primary resistance to oxaliplatin, 97 
alluding to the presence of cancer stem cells that are in 
constant flux. Molecular imaging is an alternative to "blind" 
tumor biopsies that may not be feasible, in order to better 
select sites for biopsy and the treatments required for control 
of tumor burden. 

Clinical biomarkers 

Clinical biomarkers that may be more readily measured and 
are less invasive are being investigated. 

Skin rash 

Skin rash represents the most frequently encountered tox- 
icity associated with EGFR monoclonal antibodies, with 
incidence ranging from approximately 65% to 85%. 13 ' 98 " 100 
The appearance of an acneiform rash has been associated 
with response to cetuximab. The severity of skin toxicity, as 
graded by Common Terminology Criteria for Adverse Events 
(CTCAE) criteria, has been correlated with improvement in 
OS. Patients receiving cetuximab monotherapy with a grade 2 
or worse skin toxicity exhibited the greatest improvements in 
OS from approximately 2 months for patients with no rash, 
to 9.5 months for patients with a grade 2 or worse rash. 13,99 
These benefits were restricted to patients with KRAS WT 
tumors, as expected. 100 The pathological mechanism behind 
this effect is unknown. As EGFR receptors are present in the 
skin as well as the gastrointestinal tract, skin toxicity may 
represent receptor saturation. The EVEREST (Intrapatient 
Cetuximab Dose Escalation in Metastatic Colorectal Cancer 
According to the Grade of Early Skin Reactions) study was 
carried out to test prospectively whether dose escalation of 
cetuximab in patients with a grade 0-1 rash was feasible and 
if it improved clinical outcome. 101 Patients who demonstrated 
a grade 0 or 1 rash either remained on the standard treatment 
arm (cetuximab plus irinotecan) or were treated with a higher 
dose of cetuximab (500 mg/m 2 per week as opposed to 
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250 mg/m 2 ). Patients on the higher dose were more likely to 
experience grade 2 or greater skin toxicity (59% versus 35% 
on the standard arm) and a higher response rate (30% versus 
16%), but no improvement in OS was noted. However, skin 
toxicity may be more prognostic of survival than predictive 
of response to treatment. A recent study demonstrated a sig- 
nificant difference in survival by degree of skin toxicity for 
patients with KRAS mutations in codon 12 only. This patient 
group does not classically respond to anti-EGFR antibodies, 
as described further. Although skin rash would be an attractive 
clinical predictive biomarker of response to EGFR-targeted 
treatments in CRC, further trials are required. 

Obesity 

Obesity, as measured by body mass index (BMI) has been 
proposed as a potential prognostic and predictive marker. 
Patients with a BMI of greater than 35 are reported to be at 
risk of cancer recurrence after adjuvant treatment in some 
studies, 102 but not in others. 103 ' 104 

Further studies are assessing the role of diabetes, smoking 
and markers of chronic inflammatory disease as prognostic 
and predictive biomarkers. 105106 

Hypomagnesemia 

The development of cetuximab-induced hypomagnesemia 
is also being investigated as a potential surrogate marker 
of response, but the evidence is conflicting. Initial reports 
demonstrated an association between a >50% reduction 
in magnesium levels with improved response rates and 
improved OS(ll versus8.1 months). 107 Analysis of data from 
CO. 17 did not support this observation, demonstrating that 
a greater degree of hypomagnesemia correlated with poor 
OS in patients receiving cetuximab monotherapy, irrespec- 
tive of KRAS status and after adjustment for development 
of skin toxicity. 108 Further prospective studies are required 
to clarify the predictive value of cetuximab-induced hypo- 
magnesemia as a noninvasive, cost-effective biomarker of 
cetuximab efficacy. 

Circulating tumor DNA 

Measurement of circulating tumor DNA (ctDNA) could be 
an attractive noninvasive biomarker of tumor response to 
treatment. Circulating DNA may be derived from one of 
three sources: normal healthy cells, tumor stromal cells, and 
tumor cells, and there is some overlap between the types of 
circulating DNA in healthy patients and those with tumors. 109 
Although the presence of ctDNA has been shown to be prog- 
nostic for poorer outcomes in CRC, its predictive capacity 



requires much further work. 110,111 A small fraction of ctDNA 
has been shown to harbor the same point mutations as those 
that characterize the primary tumor, such as APC, KRAS, 
or BRAF, which have been shown to be predictive of out- 
come for patients undergoing surgery or chemotherapy. 1 121 13 
However, the fraction of such ctDNA may represent less than 
0.01% of total ctDNA, and the development of a reliable 
assay has been challenging due to technological issues. 110,112 
Although the detection of ctDNA harboring mutations lead- 
ing to resistance to EGFR inhibitors represents a promising 
technology for less invasive methods of tailoring targeted 
therapies, it has not yet been validated for CRC. 

Other biomarkers in development 

We have outlined a variety of tumor-related characteristics 
that may predict response to targeted therapies, potentially 
allowing personalization of treatment for the individual. As 
described thus far, not all patients with KRAS WT tumors 
respond to EGFR-targeted therapies. KRAS posttranslational 
modifications are novel areas of interest for the identifica- 
tion of KRAS WT tumors that may not respond to EGFR- 
targeted therapies. The cytosolic protein KRAS requires 
a cascade of posttranslational modifications initiated by a 
CAAX motif, catalyzed by farnesyltransferase (FTase) in 
order to localize to the cell surface for normal function. 
FTase inhibitors have been designed in order to inhibit this 
process, but with little success in CRC. This phenomenon 
may be due to alternative prenylation by an alternative 
enzyme, geranylgeranyltransferase I. 114115 MicroRNAs 
(miRNAs), single-stranded small noncoding RNA molecules 
that may regulate gene expression by translational inhibition 
or mRNA degradation, may be a more promising target. 116 
MiRNAs may act as tumor- suppressor genes, as in the case 
of the let- 7 family of miRNAs, 117 or as oncogenes, as in the 
case of downregulation of miR-18a and miR-143, which 
attenuates KRAS suppression. 118 A recent retrospective 
study demonstrated that increased expression of miR-200b 
and decreased expression of miR-143 were associated with 
improved PFS for patients with KRAS mutant tumors, but not 
WT. 119 Further work is required to improve the validity and 
reliability of these assays when performed on formalin-fixed 
paraffin-embedded tumor tissues. 120 

In addition, biomarkers for the host response have recently 
been investigated, in order to fully assess treatment effect. 
The Fc region of anti-EGFR antibodies is vital to initiation of 
the host immune response via Fc gamma receptors (FcyRs). 
Single-nucleotide polymorphisms of FcyRIIIa are predic- 
tive of resistance to anti-EGFR antibodies and highlight a 
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group of tumors that may be resistant to these drugs, irrespec- 
tive of KRAS status. 121 

In contrast to the specific genomic mutations outlined 
herein, high-throughput technologies, including microar- 
rays and single-nucleotide polymorphism microarrays, aim 
to identify genome-wide changes in tumor DNA in order 
to predict outcome and response to treatment. 122 However, 
thus far no genomic signature has been validated as a pre- 
dictive marker for use in metastatic CRC, in part due to the 
retrospective, heterogeneous, and/or small nature of studies 
attempting to derive these signatures. Within the field of 
pharmacogenetics, an interesting tool in development is 
the drug-metabolizing enzymes and transporters (DMET) 
microarray. Drug-metabolism enzymes may affect drug phar- 
macokinetics and pharmacodynamics, thus altering levels of 
the active drug or metabolite. The DMET microarray profiles 
over 200 genes that may be functionally involved with such 
enzymes. If the drugs used in metastatic CRC can be vali- 
dated on this platform, interpatient variations in active drug 
levels may be predicted and appropriate doses prescribed, 
potentially improving drug efficacy. These technologies 
are expensive and require significant validation, due to the 
enormous amount of data generated from microarray and 
high-throughput genome analysis. 

Chemotherapy-related predictive factors are in devel- 
opment, but few are ready for routine use. Biomarkers 
predicting response to chemotherapy may be related to 
pharmaocodynamic and pharmacokinetic factors, or due to 
unrelated genomic mutations, such as MSI. Mutations leading 
to malfunction in the DNA mismatch-repair mechanism lead 
to MSI in 1 5% of colorectal tumors. 123 High-MSI tumors are 
associated with early stage CRC (stage II) and resistance to 
5-FU adjuvant treatment, as opposed to low-MSI tumors, 
which may have a worse prognosis but are sensitive to 5-FU 
treatment in the adjuvant setting. Although MSI level may 
be a useful adjunct to current methods of prognostication, 
such as stage of disease at presentation, to direct the use of 
adjuvant chemotherapy for stage II CRC, 124 further validation 
is being carried out in the Eastern Cooperative Oncology 
Group 5202 clinical trial. This trial randomizes patients with 
stage II CRC, who have had curative surgery, to observa- 
tion only for patients who are deemed to be at low risk for 
MSI, versus adjuvant chemotherapy with or without beva- 
cizumab for patients at high risk for MSI. Knowledge of the 
metabolism as well as the mechanisms of action of a drug 
may provide insights into novel pharmacodynamic and phar- 
macokinetic biomarkers. For instance, capecitabine, an oral 
prodrug of 5-FU, undergoes catabolism to fluorodeoxyuridine 



monophosphate, which inhibits thymidylate synthase, 
the major mechanism of action of 5-FU. Dihydropyrimidine 
dehydrogenase (DPD) is the rate-limiting enzyme for this 
step. A low level of DPD expression is associated with better 
outcome with capecitabine and irinotecan, and conversely 
high gene expression of DPD has been associated with 
resistance to capecitabine in the metastatic setting. 125,126 
This biomarker is used in clinical practice for patients who 
demonstrate severe 5-FU-induced toxicities. 

Conclusion 

Although the discovery of KRAS mutations has paved the 
way for personalized treatment for patients with metastatic 
CRC, the type of KRAS mutation and aberrations in related 
proteins, such as BRAF, PTEN, and PIK3Ca are likely to 
be important in refining patient selection and improving 
outcomes. Mutations within these genes highlight a group 
of patients who may be resistant to anti-EGFR antibodies, 
but the best course of treatment for these patients is currently 
unclear. Conversely, the data pertaining to EGFR copy 
number and expression of EGFR ligands delineate a group 
who may be sensitive to anti-EGFR antibodies. Therefore, 
these positive biomarkers may be more clinically useful 
in selecting appropriate treatments for individual patients. 
However, the methodologies for these and many of the bio- 
markers described herein require further standardization and 
validation. Functional and/or molecular imaging is expected 
to have an important role in the noninvasive, real-time assess- 
ment of patient response and development of resistance, 
thus helping to tailor treatment appropriately. However, the 
technologies required for this are not widely available, and 
imaging biomarkers also require validation. 

Many different proteins, including those relating to the 
host response, are likely to be involved in tumor dynam- 
ics. It is imperative that we identify key "nodes" within the 
receptor tyrosine-kinase network, such as RAS, in order 
to develop combinations of drugs with the best potential 
for control of tumor burden. In vitro characterization of 
protein-protein interactions has been integrated to build 
signal networks to model carcinogenic pathways or response 
to drug treatment, for example for EGFR. 127 Nodes within 
these networks define key pathways that are integral for 
carcinogenesis or as a target for therapy. These networks 
may be used to generate novel predictive markers and direct 
novel drug development. Translational studies must be 
carried out in parallel to drug development to ensure that 
biomarkers assessing the functional status of these nodes 
within individual patients are available, in order to select 
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the correct combination of drugs. However, toxicities may 
be synergistic and render the drugs intolerable, as demon- 
strated when combining EGFR and VEGF inhibitors. 48 In 
the future, the best results are likely to be achieved through 
a combined application of the current genomic biomark- 
ers with novel predictive molecular and genomic markers 
and potentially functional/molecular imaging in order to 
personalize therapy in real time. 
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